Sterol synthesis by the mevalonate pathway is modulated, in part, through feedback-regulated degradation of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR). In mammals, both a non-sterol isoprenoid signal derived from farnesyl diphosphate (FPP) and a sterol-derived signal appear to act together to positively regulate the rate of HMGR degradation. Although the nature and number of sterol-derived signals are not clear, there is growing evidence that oxysterols can serve in this capacity. In yeast, a similar non-sterol isoprenoid signal generated from FPP acts to positively regulate HMGR degradation, but the existence of any sterol-derived signal has thus far not been revealed. We now demonstrate, through the use of genetic and pharmacological manipulation of oxidosqualene-lanosterol cyclase, that an oxysterol-derived signal positively regulated HMGR degradation in yeast. The oxysterol-derived signal acted by specifically modulating HMGR stability, not endoplasmic reticulum-associated degradation in general. Direct biochemical labeling of mevalonate pathway products confirmed that oxysterols were produced endogenously in yeast and that their levels varied appropriately in response to genetic or pharmacological manipulations that altered HMGR stability. Genetic manipulation of oxidosqualene-lanosterol cyclase did result in the buildup of detectable levels of 24,25-oxidolanosterol by gas chromatography, gas chromatography-mass spectroscopy, and NMR analyses, whereas no detectable amounts were observed in wild-type cells or cells with squalene epoxidase down-regulated. In contrast to mammalian cells, the yeast oxysterol-derived signal was not required for HMGR degradation in yeast. Rather, the function of this second signal was to enhance the ability of the FPP-derived signal to promote HMGR degradation. Thus, although differences do exist, both yeast and mammalian cells employ a similar strategy of multiinput regulation of HMGR degradation.
Many essential cellular molecules are derived from products of the mevalonate pathway, including sterols, coenzyme Q, prenyl groups, and dolichol (1) . As one tactic for regulating pathway production, the cell exerts tight transcriptional and post-transcriptional control over the steady-state levels of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), 1 which catalyzes a rate-limiting, irreversible step in sterol synthesis (1) . In fact, a significant component of this control is effected through regulation of HMGR stability (2) (3) (4) . When the cellular amounts of mevalonate pathway products are abundant, HMGR degradation is rapid, and the protein's steady-state levels are correspondingly low. Conversely, when the cellular amounts of pathway products are insufficient for the cell's needs, HMGR degradation is slow, and the steady-state levels of HMGR are relatively high.
Analyses of HMGR stability in both mammalian cells and yeast have revealed many aspects of HMGR-regulated degradation that are conserved among eukaryotes (4 -7) . To gain a better understanding of this aspect of cellular sterol regulation, we have been studying the genetics and biochemistry of the regulated degradation of the HMGR isozyme Hmg2p in yeast (4, 8 -11) . Through use of the powerful genetic manipulations possible in this organism, we have identified genes required for the degradation of Hmg2p, termed HRD genes (8) , and genes required for normal regulation of Hmg2p degradation, termed COD genes (11) . These studies have led to a clearer understanding of the degradation pathway, as they have demonstrated that the key components, Hrd1p and Hrd3p, form the core of an endoplasmic reticulum (ER)-localized ubiquitin ligase complex required for ubiquitination and degradation of HMGR (12, 13) and numerous other quality control substrates (14) . Regulation of HMGR degradation appears to occur through pathway signals controlling entry of the protein into the constitutively active HRD degradation pathway (11, 13) , perhaps by allosteric conversion of HMGR from a stable protein into a quality control substrate. Recently, it has been confirmed that mammalian HMGR similarly undergoes regulated ubiquitination (15) , most likely mediated by an ER-localized ubiquitin ligase complex similar to the HRD complex in yeast.
In parallel studies, we have been examining the identities of the mevalonate-derived signals that control Hmg2p stability. Through use of both pharmacological and genetic manipulations of mevalonate pathway enzymes, we have identified the pathway intermediate farnesyl pyrophosphate (FPP) as the source of a positive signal for Hmg2p degradation (9, 10) . FPP is the substrate for squalene synthase (see Fig. 1 ) and occupies a key branch point in the mevalonate pathway for which its conversion is the committed step for each separate pathway (1) . The identification of FPP as the primary signal for regulation of HMGR degradation in yeast is especially intriguing, as farnesol, a derivative of FPP, has also been implicated as the source of the signal for regulation of mammalian HMGR stability (16 -20) .
In addition to farnesol, mammalian HMGR stability is also regulated by the levels of cellular sterols. Mammalian HMGR degradation is rapid when abundant sterols are present; HMGR degradation is slow when cellular sterol levels are insufficient (2, (21) (22) (23) (24) (25) . Although the exact identity of the sterolderived signal is unknown, 25-hydroxycholesterol and 24,25-oxidolanosterol have been shown to be potent enhancers of HMGR degradation when added to mammalian cells (2, 3, (21) (22) (23) (24) (25) , suggesting that an oxysterol-derived molecule may be a source of the sterol signal that positively regulates mammalian HMGR degradation. These and related oxysterols can be generated in vivo either by an "alternate" pathway involving cyclization of 2,(3S),(22S),23-dioxidosqualene (see Fig. 1 ) or through the action of a family of enzymes that directly oxidize cholesterol (26) . Identification of an oxysterol-derived signal for HMGR degradation has added significance due to a growing body of evidence that oxysterols also function in numerous other aspects of cellular regulation and physiology (26) , allowing for the possibility that oxysterols may serve to integrate cholesterol homeostasis with other distinct biological processes. Until now, it was unknown whether yeast also employed an oxysterol-derived positive signal for HMGR degradation or if this was only a characteristic of HMGR degradation in mammalian cells.
Through pharmacological and genetic manipulations of mevalonate pathway enzymes downstream of squalene synthase, we have explored the possibility that yeast also utilizes an oxysterol-derived signal for HMGR degradation. In the following results, we have demonstrated the existence of a secondary positive signal for yeast HMGR degradation that is derived from the alternate oxysterol pathway. This secondary oxysterol-derived signal enhances Hmg2p degradation in addition to, but not in the absence of, the primary FPP-derived signal. Our results demonstrate that there is further striking conservation for mevalonate pathway regulation of HMGR degradation among eukaryotes.
EXPERIMENTAL PROCEDURES
Materials and Reagents-All enzymes were obtained from New England Biolabs Inc. (Beverly, MA). Bis(trimethylsilyl)trifluoroacetamide, pyridine, pyrogallol, and potassium hydroxide were purchased from Aldrich. Methanol, methyl t-butyl ether, dichloromethane, and hexane were purchased from EM Science (Gibbstown, NJ). 24,25-Oxidolanosterol and 26-hydroxycholesterol were synthesized according to published methods (27, 28) . Lovastatin, L659,699, and zaragozic acid were generously donated by Merck. Ro48-8071 was kindly provided by Dr. Olivier Morand (F. Hoffman-La Roche Ltd., Basel, Switzerland). Terbinafine was obtained as a 1% Lamisil ® solution from a local drugstore. ECL TM chemiluminescence immunodetection reagents and sodium [ 14 C]acetate were from Amersham Pharmacia Biotech. All other chemical reagents were obtained from Sigma. Silica Gel 60 F 254 TLC plates were obtained from Fisher and EM Science. The anti-Myc antibody 9E10 was used as a cell culture supernatant obtained by growing the 9E10 hybridoma (American Type Culture Collection CRL 1729) in RPMI 1640 medium (Life Technologies, Inc.) with 10% fetal calf serum. The anti-HA antibody was an ascites fluid obtained from BabCo (Berkeley, CA). Affinity-purified horseradish peroxidase-conjugated goat antimouse antiserum was obtained from Sigma.
Recombinant DNA and Molecular Cloning-The polymerase chain reaction was performed as previously described (29) . The gene encoding oxidosqualene-lanosterol cyclase (ERG7) was polymerase chain reaction-amplified from yeast strain RHY623 genomic DNA (10) using separate primers containing PstI and BglII sites in the upstream primers and NheI and SalI sites in the downstream primers. The amplified ERG7 gene was digested with BglII and SalI, and the 2.22-kilobase fragment was then cloned between the BamHI and SalI sites in pRH440 to yield P TDH3 -ERG7 (pRH1205). The amplified ERG7 gene was digested with BglII and HpaI, and the 1.04-kilobase fragment was then cloned between the BamHI and HpaI sites in pRH973 to yield P MET3 -ERG7 (pRH1206). The gene encoding squalene epoxidase (ERG1) was previously polymerase chain reaction-amplified from yeast strain RHY623 genomic DNA using separate primers containing PstI and BglII sites in the upstream primers and NheI and SalI sites in the downstream primers (10) . The amplified ERG1 gene was digested with BamHI and SalI, and the 1.5-kilobase fragment was then cloned between the BamHI and SalI sites in pRH440 to yield P TDH3 -ERG1 (pRH1203).
Strains and Media-Escherichia coli DH5␣ strains were grown at 37°C in LB medium ϩ ampicillin (100 g/ml). Yeast strains were grown at 30°C in minimal medium supplemented with glucose and the appropriate amino acids as described (4) . The lithium acetate method was used to transform yeast with plasmid DNA (30) .
Yeast strains RHY1326 (␣ his3⌬200 lys2-801 ade2-101 leu2⌬ ura3-52::LEU2:: P TDH3 -hmg2-GFP MET2 hmg1::LYS2 hmg2::HIS3:: P TDH3 -1MYC-HMG2) and RHY1462 (␣ his3⌬200 lys2-801 ade2-101 leu2⌬:: P TDH3 -6myc-hmg2-GFP::LEU2 ura3-52:: P TDH3 -6MYC-HMG2 MET2 hmg1::LYS2 hmg2⌬::HIS3) (10) were the parent strains for transformation of the plasmid containing the P MET3 -expressed ERG7 gene and the P TDH3 -expressed ERG1, ERG7, and ERG9 genes. Plasmid pRH1206 (P MET3 -ERG7) was introduced into RHY1326 or RHY1462 cells by targeted integration at the BamHI site of ERG7. Plasmid pRH440 (P TDH3 -ERG9), pRH1203 (P TDH3 -ERG1), and pRH1205 (P TDH3 -ERG7) were introduced into RHY1326 cells by targeted integration at the StuI site of ura3-52. All yeast transformants were selected for Ura ϩ prototrophy.
Biochemical Assays-Cycloheximide-chase assays, log-phase steadystate assays, and methionine-chase assays were performed as previously described (10, 29) . Hmg2p ubiquitination assays were performed as previously described (31) . Strains were transformed with pRH1100 (31), which expresses a triple HA epitope-tagged ubiquitin from the constitutive TDH3 promoter (alias the glyceraldehyde-3-phosphate dehydrogenase promoter) (32) . Transformants were selected for Ade ϩ prototrophy. Hmg2p ubiquitination was assayed by immunoprecipitation of 1Myc-Hmg2p and then immunoblotting the precipitate for covalently linked HA-tagged ubiquitin.
Flow Cytometric Analysis-Flow cytometry was performed as previously described (29) . Living cells were analyzed by flow microfluorometry using a FACSCalibur flow microfluorometer (Becton Dickinson, Palo Alto, CA) with settings for fluorescein-labeled antibody analysis. Histograms were produced from 10,000 individual cells and plotted with log fluorescence (arbitrary units) on the horizontal axis and with cell number on the vertical axis.
Metabolic Labeling of Mevalonate Pathway Products and Detection by Thin Layer Chromatography-TLC was performed similarly as previously described (33) . Cells were grown at 30°C to log phase (A 600 ϭ 0.3) in 25 ml of minimal medium. In some cases, 50 g/ml lovastatin, 10 g/ml zaragozic acid, 40 g/ml Ro48-8071, or 50 g/ml terbinafine was added to the cells. Sodium [ 14 C]acetate was added at the same time as the drugs to a final concentration of 2 Ci/ml, and the cells were incubated for an additional 6 h at 30°C. In the case of gene downregulation, cells were incubated in the presence of 2 mM methionine for 19 h at 30°C. Sodium [ 14 C]acetate was added to a final concentration of 2 Ci/ml either at the same time as methionine addition or after 13 h of incubation with methionine. After incubation with [
14 C]acetate, cells were washed once with 0.5 volume of sterile water. 14 C-Labeled lipids were extracted from the cells by addition of 9 ml of methanol. Extracts were saponified by addition of 6 ml of 10% aqueous potassium hydroxide such that the methanol/water ratio was 3:2. The mixture was incubated overnight at room temperature. 14 C-Labeled lipids were extracted twice from the saponification mixture by addition of 4 ml of petroleum ether, which was subsequently concentrated to 150 l. The entire 150-l fraction was applied to Silica Gel 60 F 254 plates (Fisher). The 14 C-labeled lipids were resolved by developing the plates twice with 5:1 benzene/ethyl acetate to 10 cm and once with 95:5:1 petroleum ether/diethyl ether/glacial acetic acid to 15 cm. The resolved 14 C-labeled lipids were detected by autoradiography. Reference compounds were visualized by brief exposure of the plates to I 2 vapor.
High Pressure Liquid Chromatography (HPLC), Gas Chromatography, Gas Chromatography-Mass Spectroscopy, and NMR AnalysesCells containing the appropriate P MET3 -expressed construct were grown in 2 liters of minimal medium containing 2 mM methionine for 19 h at 30°C. Cells were harvested by centrifugation and stored at Ϫ80°C prior to the analyses. For processing, the samples were thawed, weighed, and combined with 1 mg of butylated hydroxytoluene, 15 mg of pyrogallol, 7.5 ml of methanol, and 3 ml of 60% aqueous KOH. The resulting mixtures were deoxygenated for 10 min with nitrogen and heated at 70°C (1.5 h). After cooling to ambient temperature, the samples were extracted with methyl t-butyl ether (4 ϫ 12 ml). For each sample, the combined extracts were washed with 12 ml of water and 12 ml of brine, dried over anhydrous sodium sulfate, and evaporated to dryness under nitrogen. A sample (10%) of each crude extract was reserved for analysis. The resulting residue (90% of the crude extract containing the non-saponifiable lipids) was subjected to normal-phase separation on an SPE cartridge. The residues were dissolved in 2 ml of 1:1 CH 2 Cl 2 /hexane and placed onto the SPE cartridge (6 ml, 1 g of silica; J & W Scientific, Folsom, CA) pretreated with the same solvent. Elution was conducted with 1:1 CH 2 Cl 2 /hexane (32 ml), then undiluted CH 2 Cl 2 (36 ml), and finally 10% isopropyl alcohol/hexane (36 ml). TLC (Silica Gel 60 plates, EM Science) was used to identify the appropriate fractions, which were combined. Sterols were visualized with 5% ammonium molybdate in 10% sulfuric acid. Reversed-phase HPLC was used to purify material with a retention time corresponding to that 24,25-oxidolanosterol. HPLC was carried out with a Sphereclone 5 ODS(2) reversed-phase column (4.6 mm (inner diameter) ϫ 250 mm; Phenomenex Inc., Torrance, CA) with methanol isocratically at 1 ml/min and UV detection at 210 nm. Gas chromatography analyses were performed with derivatives (80 l of pyridine and 20 l of bis(trimethylsilyl)trifluoroacetamide at 25°C) and DB-5 capillary column (0.25 mm (inner diameter) ϫ 30 cm, 5% phenyl and 95% methyl polysiloxane, 0.1-m film thickness; J & W Scientific) with helium carrier gas (1.1 kg/cm 2 ) on a Shimadzu GC-9A instrument (35:1 split ratio, 200°C for 2 min, 10°C/min to 280°C, and injector and FID detector at 280°C). Gas chromatography-mass spectroscopy analyses employed a VG ZAB-HF spectrometer interfaced to a Hewlett-Packard 5890A chromatograph (splitless injection, helium carrier gas at 1.4 kg/cm 2 , and the same column and program as for gas chromatography). NMR experiments were carried out with Bruker AMX500 and Avance 500 spectrometers (500.1 MHz for 1 H) equipped with a 5-mm inverse geometry broadband or 5-mm normal geometry probe.
1 H NMR spectra were measured at 25°C in CDCl 3 solution and referenced to internal bis(trimethylsilyl) trifluoro acetamide.
RESULTS
In mammalian cells, oxysterols have been implicated as positive signals for HMGR degradation. The existence of such oxysterol signals has been proposed from the observations that HMGR degradation is enhanced as a result of either 24,25-oxidolanosterol or 25-hydroxycholesterol addition to cells (2, 3, (21) (22) (23) (24) (25) or when endogenous oxysterols are increased by inhibition of oxidosqualene-lanosterol cyclase (34) . It appears that oxysterols do not alter HMGR degradation alone, but require the presence of a non-sterol positive signal derived from FPP to enhance HMGR degradation (20) . In our following examination of oxysterol-derived signals for yeast HMGR degradation, we utilized genetic and biochemical approaches to address this issue.
Oxysterols can be produced in the cell from the alternate oxysterol pathway (Fig. 1) (35) , which branches from the sterol biosynthetic pathway at 2,(3S)-oxidosqualene. These oxysterols are initially generated from 2,(3S)-oxidosqualene by an additional epoxidation at positions 22 and 23 through the action of squalene epoxidase (36, 37) . Oxidosqualene-lanosterol cyclase plays a critical role in determining availability of the dioxidosqualene required for production of oxysterols in the alternate pathway. By catalyzing the cyclization of 2,(3S)-oxidosqualene to lanosterol (35) , the activity of oxidosqualene-lanosterol cyclase determines steady-state cellular levels of 2,(3S)-oxidosqualene available for further epoxidation to 2,(3S),(22S),23-dioxidosqualene. If conversion of 2,(3S)-oxidosqualene to lanosterol by oxidosqualene-lanosterol cyclase is relatively slow, some 2,(3S)-oxidosqualene may be further epoxidized to 2,(3S),(22S),23-dioxidosqualene by squalene epoxidase (36, 37) . The 2,(3S),(22S),23-dioxidosqualene can be further converted to 24,25-oxidolanosterol by oxidosqualene-lanosterol cyclase (36, 38) . Oxidosqualene-lanosterol cyclase has a higher affinity for the dioxidosqualene than for the monooxidosqualene (39); and thus, the cyclization of the dioxidosqualene is likely the favored reaction when both substrates are present. Through this competition, partial inhibition of oxidosqualene-lanosterol cyclase causes increased production of 24,25-oxidolanosterol (38) , and later oxysterols may be derived from this product. Thus, pharmacological or genetic manipulations of oxidosqualene-lanosterol cyclase served as a useful starting point to examine the effect of oxysterol production on yeast HMGR degradation.
Oxidosqualene-lanosterol Cyclase Inhibition or Down-regulation Enhances Hmg2p Degradation-To determine whether HMGR degradation in yeast could be hastened by an oxysterolderived product, we examined the effect of altering cellular oxidosqualene-lanosterol cyclase activity on the degradation of the yeast HMGR isozyme Hmg2p. We used yeast strains that coexpress two versions of Hmg2p, the single Myc epitopetagged 1Myc-Hmg2p and the autofluorescent reporter protein Hmg2p-GFP (9, 40) , to detect changes in Hmg2p levels by immunological or optical means, respectively. Alterations in Hmg2p stability brought about by physiological or genetic means are correctly reported by changes in 1Myc-Hmg2p im- munoreactivity and Hmg2p-GFP steady-state fluorescence (9, 29, 41) .
We first examined the effect of decreased oxidosqualenelanosterol cyclase activity on Hmg2p degradation by addition of the drug Ro48-8071, which is a specific inhibitor of oxidosqualene-lanosterol cyclase (42) , to cells. Addition of Ro48-8071 to cells coexpressing both versions of Hmg2p caused an increase in Hmg2p degradation in a dose-dependent manner, as seen by the reduced steady-state levels of both 1Myc-Hmg2p and Hmg2p-GFP (Fig. 2, a and b, ϩRo48, respectively) . However, the maximal degradation-enhancing effect of Ro48-8071 was not as great as that caused by addition of zaragozic acid (Fig.  2a, ϩRo48 versus ϩZA) . Zaragozic acid is an inhibitor of squalene synthase that, when added to growing cells, results in the rapid degradation of Hmg2p through buildup of its substrate FPP (9, 10) . In contrast, addition of the HMGR inhibitor lovastatin to growing cells results in stabilization of Hmg2p by blockade of mevalonate pathway product synthesis (Fig. 2c , ϩLov) (4). Ro48-8071 addition to cells treated with lovastatin had no effect on the stabilized Hmg2p-GFP steady-state levels ( Fig. 2c, ϩRo48 , ϩLov versus ϩLov). Furthermore, the degradation-enhancing effect of Ro48-8071 addition was suppressed by addition of terbinafine, a potent antifungal squalene epoxidase inhibitor (43) (44) (45) , to the cells (Fig. 2b, ϩRo48 , ϩTb versus ϩRo48). This implicated the substrate of oxidosqualene-lanosterol cyclase, 2,(3S)-oxidosqualene, as the source of the signal for enhanced Hmg2p degradation by Ro48-8071 addition.
It was possible that the Hmg2p degradation-enhancing effect of Ro48-8071 addition to cells was through an action other than oxidosqualene-lanosterol cyclase inhibition, so we next tested the effect of reducing cellular oxidosqualene-lanosterol cyclase activity on Hmg2p degradation by genetic down-regulation of oxidosqualene-lanosterol cyclase. To do so, we constructed a "promoter-switch" plasmid containing a truncated version of the oxidosqualene-lanosterol cyclase gene, ERG7, placed behind the MET3 promoter, which is repressed by the presence of high extracellular concentrations (Ͼ0.5 mM) of methionine (46, 47) . This was similar to our previously described conditional alleles of other mevalonate pathway enzymes, including squalene synthase (ERG9), farnesyl-diphosphate synthase (ERG20), and squalene epoxidase (ERG1) (10) . Targeted integration of this plasmid into the ERG7 locus resulted in the creation of a single functional copy of the oxidosqualene-lanosterol cyclase gene under the control of the regulated MET3 promoter (P MET3 ). The plasmid was used to transform the 1Myc-Hmg2p-and Hmg2p-GFP-coexpressing, methionine prototroph yeast strain described above. When grown in the absence of methionine, normal regulated Hmg2p degradation was observed in the P MET3 -ERG7 yeast strain. 
FIG. 2. Inhibition or down-regulation of oxidosqualene-lanosterol cyclase enhances Hmg2p degradation.
a, effect of Ro48-8071 on 1Myc-Hmg2p steady-state levels. Log-phase cultures were treated for 4 h with no drug (Ϫ), 40 g/ml Ro48-8071 (Ro48), or 10 g/ml zaragozic acid (ZA) and then subjected to immunoblotting with anti-Myc antibody 9E10 to determine 1Myc-Hmg2p steady-state levels. b, effect of Ro48-8071 on Hmg2p-GFP steady-state levels. Log-phase cultures were treated for 4 h with no drug, 40 g/ml Ro48-8071 (ϩRo48), or 10 g/ml zaragozic acid (ϩZA) and then analyzed by flow cytometry to determine Hmg2p-GFP steady-state fluorescence. 80 g/ml terbinafine was added at the same time as Ro48-8071 addition for the indicated sample (ϩRo48, ϩTb). c, upstream inhibition blocks the effect of Ro48-8071 on Hmg2p-GFP steady-state levels. The same experiment as described for b was carried out, except that 25 g/ml lovastatin was added alone (ϩLov) or at the same time as Ro48-8071 addition (ϩRo48, ϩLov) in the indicated samples. d, effect of oxidosqualene-lanosterol cyclase down-regulation on Hmg2p-GFP steady-state levels. Otherwise identical strains expressing oxidosqualene-lanosterol cyclase from either the wild-type promoter (wt) or the MET3 promoter (P MET3 -ERG7) or squalene synthase from the MET3 promoter (P MET3 -ERG9) were grown for 16 h at 30°C in the presence of 2 mM methionine. Hmg2p-GFP steady-state fluorescence was analyzed by flow cytometry. e, upstream inhibition blocks the effect of oxidosqualenelanosterol cyclase down-regulation on Hmg2p-GFP steady-state levels. The same experiment as described for d was carried out, except that 25 g/ml lovastatin (ϩLov) was added to the indicated samples after 12 h of incubation.
Down-regulation of oxidosqualene-lanosterol cyclase, by growth of the P MET3 -ERG7 strain in 2 mM methionine, resulted in increased degradation of Hmg2p, as seen by reduced Hmg2p-GFP steady-state levels ( Fig. 2d , P MET3 -ERG7 versus wt). The effect was similar to that previously reported for squalene synthase down-regulation (10), but was not as drastic ( Fig. 2d , P MET3 -ERG7 versus P MET3 -ERG9). These observations were identical to the effects seen upon inhibition of each respective enzyme with Ro48-8071 or zaragozic acid shown above (compare with Fig. 2b ). Furthermore, Hmg2p-GFP was still stabilized by addition of lovastatin even after genetic down-regulation of the oxidosqualene-lanosterol cyclase gene ( Fig. 2e , P MET3 -ERG7, ϩLov). The degree of stabilization by lovastatin addition was similar to the degree of Hmg2p-GFP stabilization by lovastatin addition to the wild-type strain ( Fig. 2e , P MET3 -ERG7, ϩLov compared with wt, ϩLov), indicating that enhanced Hmg2p degradation caused by oxidosqualene-lanosterol cyclase down-regulation was still regulated by mevalonate pathway flux. Thus, the effect of oxidosqualenelanosterol cyclase down-regulation on Hmg2p degradation was identical to that of Ro48-8071 addition.
Effect of Oxidosqualene-lanosterol Cyclase Inhibition Is Not through Altered Transcription or Translation of Hmg2p-
The possibility existed that the effect of decreased oxidosqualenelanosterol cyclase activity on Hmg2p steady-state levels was not due to enhanced degradation, but occurred through decreased Hmg2p synthesis as a result of diminished transcription and/or translation. We eliminated transcriptional regulation in the cells used for the above analyses by expression of 1Myc-Hmg2p and Hmg2p-GFP from the constitutive TDH3 promoter (alias the glyceraldehyde-3-phosphate dehydrogenase promoter) (32). However, it was still possible that the effect of Ro48-8071 on the Hmg2p steady-state levels was through alteration of Hmg2p synthesis due to changes in Hmg2p translation.
To rule out the possibility that oxidosqualene-lanosterol cyclase inhibition resulted in altered translation and decreased Hmg2p synthesis, we examined the effect of Ro48-8071 addition on Hmg2p-GFP steady-state levels in cells that were deficient for Hmg2p degradation through either in cis or in trans stabilization. The effect of Ro48-8071 addition was first examined with the in cis-stabilized Hmg2p reporter protein K6R-Hmg2p-GFP. Introduction of the K6R mutation in both 1Myc-Hmg2p and Hmg2p-GFP results in complete stabilization (31) . When Ro48-8071 was added to cells that expressed stable K6R-Hmg2p-GFP, no decrease in the steady-state levels of K6R-Hmg2p-GFP was observed (Fig. 3, left panel) . Next, the effect of Ro48-8071 addition was examined with normal Hmg2p-GFP expressed in cells deficient for ER degradation by the presence of an hrd1 null allele, which results in the in trans stabilization of Hmg2p (8) . Hrd1p is an ER-associated ubiquitin ligase essential for ubiquitin-dependent Hmg2p degradation (8, 12) . Similar to the in cis stabilization by introduction of the K6R mutation, no decrease in the steady-state levels of normal Hmg2p-GFP in cells carrying the hrd1⌬ allele was observed after Ro48-8071 addition (Fig. 3, middle panel) . In fact, for each stabilized version of Hmg2p-GFP, whether in cis or in trans, there appeared to be a slight increase in the steady-state levels after Ro48-8071 addition, which was also observed with the steady-state levels of the normally stable Hmg1p-GFP protein (Fig. 3, right panel) . Thus, the decrease in 1Myc-Hmg2p and Hmg2p-GFP steady-state levels as a result of Ro48-8071 addition to cells was even more striking and was the result of enhanced degradation, not decreased Hmg2p synthesis.
Oxidosqualene-lanosterol Cyclase Inhibition Does Not Affect General ER Degradation-An alternative model for the degradation-stimulating effect of reduced oxidosqualene-lanosterol cyclase activity on Hmg2p degradation was that the effect occurred through enhancement of ER degradation in general, rather than through the specific action of mevalonate pathway regulation on Hmg2p degradation. To test this, we examined if Ro48-8071 addition to cells altered the degradation of 6Myc-Hmg2p, a previously described mutant of Hmg2p that is degraded in a similar HRD-dependent, ER-associated manner as normal Hmg2p (8), but its degradation is not regulated by signals from the mevalonate pathway (8, 10) . When Ro48-8071 was added to cells coexpressing 6Myc-Hmg2p and 6Myc-Hmg2p-GFP in place of 1Myc-Hmg2p and Hmg2p-GFP, no decrease in the steady-state levels of 6Myc-Hmg2p-GFP (Fig. 4) or 6Myc-Hmg2p 2 was observed. Thus, reduced oxidosqualenelanosterol cyclase activity enhanced only the mevalonate pathway-regulated degradation of Hmg2p, not general HRD-dependent, ER-associated degradation.
Oxidosqualene-lanosterol Cyclase Inhibition Enhances Hmg2p Ubiquitination-Previously, we demonstrated that the upstream FPP-derived signal enhanced Hmg2p degradation by acting to increase Hmg2p ubiquitination (10) . Because inhibition or down-regulation of oxidosqualene-lanosterol cyclase resulted in increased degradation of Hmg2p, we examined if this effect was through enhanced Hmg2p ubiquitination. To assay Hmg2p ubiquitination, we utilized strains that coexpress 1Myc-Hmg2p and a triple HA epitope-tagged version of ubiquitin (3HA-ubiquitin) (31) . Immunoprecipitation of 1Myc-Hmg2p and subsequent immunoblotting of the immunoprecipitate with anti-HA antisera allow for the detection of higher molecular mass Hmg2p-ubiquitin conjugates (9, 29) .
When the cells coexpressing 1Myc-Hmg2p and 3HA-ubiquitin were treated with Ro48-8071, Hmg2p ubiquitination was increased (Fig. 5, R) , but the degree of enhanced ubiquitination was slightly lower than that observed when cells were incubated with zaragozic acid (compare R with ZA). The effect of Ro48-8071 on Hmg2p ubiquitination was blocked by addition of lovastatin at the same time as Ro48-8071 and was identical to the effect of only lovastatin addition (Fig. 5 , compare RϩL with L), indicating that the Ro48-8071 effect on Hmg2p ubiquitination was regulated by the mevalonate pathway. Thus, increased regulated Hmg2p ubiquitination by addition of Ro48-8071 strongly supported the observation that decreased Hmg2p steady-state levels by reduced oxidosqualene-lanosterol cyclase activity were the result of enhanced Hmg2p degradation.
Partial Inhibition of Oxidosqualene-lanosterol Cyclase Enhances Hmg2p Degradation, whereas Complete Inhibition Has
No Effect-Oxysterols have been implicated as positive signals for mammalian HMGR degradation (2, 3, (21) (22) (23) (24) (25) . In mammalian cells, endogenous oxysterol and sterol levels can be oppositely manipulated through varying degrees of oxidosqualenelanosterol cyclase inhibition, i.e. partial inhibition of oxidosqualene-lanosterol cyclase increases production of molecules in the alternate oxysterol pathway, but decreases production of molecules in the sterol pathway (38, 48) . Complete inhibition of oxidosqualene-lanosterol cyclase blocks production of molecules in both the sterol and oxysterol pathways (38, 48) . Thus, the effects of partial oxidosqualene-lanosterol cyclase inhibition versus complete inhibition provide strict criteria to test whether HMGR degradation is regulated by products of either the oxysterol or sterol pathway. If HMGR degradation is positively regulated by a sterol pathway product, then partial or complete inhibition of oxidosqualene-lanosterol cyclase should result in reduced HMGR degradation. In contrast, if HMGR degradation is positively regulated by an oxysterol pathway product, then partial inhibition of oxidosqualene-lanosterol cyclase should result in enhanced degradation, whereas complete inhibition should have the opposite effect. Indeed, partial inhibition of oxidosqualene-lanosterol cyclase in mammalian cells results in decreased HMGR activity, whereas complete inhibition results in increased HMGR activity (48) . Whether this effect was due to alteration of only HMGR degradation or all forms of HMGR regulation was not examined. In an earlier study, inhibition of oxidosqualene-lanosterol cyclase in mammalian cells did result in enhanced HMGR degradation (34); however, it was not reported if the degree of oxidosqualene-lanosterol cyclase inhibition was partial or complete.
In yeast, it has been observed that partial inhibition of oxidosqualene-lanosterol cyclase, i.e. inhibition that does not compromise the growth of the cells and that still allows production of ergosterol, results in an increase in the cellular levels of 2,(3S)-oxidosqualene, 2,(3S),(22S),23-dioxidosqualene, and an unidentified molecule with greater polarity than ergosterol, likely an oxysterol molecule, with a concomitant decrease in ergosterol and ergosterol esters (33, 36, 49) . Enzymatic conversion of 2,(3S),(22S),23-dioxidosqualene to 24,25-oxidolanosterol by oxidosqualene-lanosterol cyclase could be observed by incubation of the cells under anaerobic conditions (49) . Otherwise, incubation of cells under aerobic conditions results in the enzymatic conversion of 2,(3S),(22S),23-dioxidosqualene to an unidentified, putative oxysterol molecule (49) , consistent with the requirement of oxygen for enzymatic actions directly downstream of oxidosqualene-lanosterol cyclase in the sterol/oxysterol biosynthetic pathways. These previous observations suggest that the down-regulation or inhibition of oxidosqualenelanosterol cyclase we employed above to examine Hmg2p degradation likely resulted in the production of 2,(3S),(22S),23- Because downstream products of the alternate pathway are produced in yeast (33, 36, 49) , and partial inhibition or downregulation of oxidosqualene-lanosterol cyclase resulted in enhanced Hmg2p degradation (see above), we tested if complete inhibition of oxidosqualene-lanosterol cyclase had an additional enhancing effect on Hmg2p degradation, consistent with the substrate of oxidosqualene-lanosterol cyclase acting as a positive signal for HMGR degradation, or if complete inhibition was without effect on Hmg2p degradation, consistent with an oxysterol-derived molecule acting as a positive signal for HMGR degradation. To effect complete oxidosqualene-lanosterol cyclase inhibition, we first added increasing concentrations of Ro48-8071 to cells, but high concentrations (Ͼ150 g/ml) rapidly destroyed the cells, and Hmg2p degradation could not be assessed. 2 Therefore, we employed a more sophisticated way to acutely inhibit all of the available oxidosqualene-lanosterol cyclase in the cell while avoiding the extremely destructive, high concentrations of Ro48-8071. Specifically, production of oxidosqualene-lanosterol cyclase was first downregulated by addition of 2 mM methionine to the P MET3 -ERG7 cells. This resulted in the expected decrease in Hmg2p-GFP steady-state levels (Fig. 6a, left panel, P MET3 -ERG7, no drug versus wt, no drug). The decrease in these cells was similar to that observed in wild-type cells after incubation with 20 g/ml Ro48-8071 (Fig. 6a , compare left panel, P MET3 -ERG7, no drug, with right panel, wt, ϩ20g/ml Ro48). The remaining oxidosqualene-lanosterol cyclase activity in the P MET3 -ERG7 cells under these down-regulated conditions should be completely inhibited by addition of relatively low concentrations of Ro48-8071. In fact, when these down-regulated cells were additionally incubated with just 5 g/ml Ro48-8071, Hmg2p-GFP steady-state fluorescence was identical to Hmg2p-GFP steadystate levels in wild-type cells without down-regulation or drug treatment (Fig. 6a, left panel, P MET3 -ERG7, ϩRo48 compared with wt, no drug). In contrast, the same incremental addition of 5 g/ml Ro48-8071 to wild-type cells did not alter the Hmg2p degradation-enhancing effect observed after incubation of cells with 20 g/ml Ro48-8071 (Fig. 6a, right panel, wt, ϩ25g/ml Ro48 compared with wt, ϩ20g/ml Ro48).
In addition to complete inhibition of oxidosqualene-lanosterol cyclase by the combination of pharmacological manipulation and genetic down-regulation, we tested if oxidosqualenelanosterol cyclase down-regulation for further extended periods of time, which should result in almost complete loss of oxidosqualene-lanosterol cyclase activity in the cell, would have the same effect. Indeed, continued incubation of the P MET3 -ERG7 strain in 2 mM methionine after the maximal Hmg2p-GFP degradation-enhancing effect, which was observed at 17 h, resulted in a complete reversal by 24 h (Fig. 6b, left panel) , similar to the effect of Ro48-8071 addition. This effect was not seen for the wild-type strain (Fig. 6b, right panel) . Thus, complete inhibition or down-regulation of oxidosqualene-lanosterol cyclase had no effect on Hmg2p degradation, whereas partial inhibition or down-regulation had an enhancing effect.
Moderate Reduction in Oxidosqualene-lanosterol Cyclase Activity Increases Production of Oxysterol Pathway Products-To verify that the partial inhibition employed in our studies did indeed result in increased production of oxysterol pathway products in the cell, we examined the relative abundance of these molecules in the radiolabeled non-saponifiable lipid frac- FIG. 6 . Manipulation of the oxysterol pathway alters Hmg2p degradation accordingly. a, partial inhibition of oxidosqualene-lanosterol cyclase enhanced Hmg2p degradation, whereas complete inhibition had no effect. Otherwise identical strains expressing oxidosqualene-lanosterol cyclase from either the wild-type promoter (wt) or the MET3 promoter (P MET3 -ERG7) were grown for 15 h at 30°C in the presence of 2 mM methionine. Ro48-8071 (ϩRo48; left panel, 5 g/ml; right panel, 20 and 25 g/ml) was added to the appropriate cultures, and the cells were incubated for an additional 4 h at 30°C. Hmg2p-GFP fluorescence was analyzed by flow cytometry. b, an experiment similar to that described for a was carried out, except that the strains were allowed to grow for 17 or 24 h in 2 mM methionine, and no drug was added.
tions from cells treated with or without the oxidosqualenelanosterol cyclase inhibitor Ro48-8071. TLC analysis of the lipid fractions indicated that incubation of cells with 40 g/ml Ro48-8071 resulted in a slight reduction in the free ergosterol pool and a drastic reduction in ergosterol esters (Fig. 7a, R  versus nd) . More importantly, incubation of cells with Ro48-8071 resulted in the detectable accumulation of 2,(3S)-oxidosqualene, 2,(3S),(22S),23-dioxidosqualene, and an unidentified molecule with a greater polarity than ergosterol (Fig. 7a, R  versus nd) . Accumulation of this putative oxysterol product and 2,(3S),(22S),23-dioxidosqualene in the cells treated with Ro48-8071 was blocked by simultaneous inhibition of the upstream enzyme squalene epoxidase by addition of terbinafine (Fig. 7a,  RϩT) , indicating that these molecules were derived from squalene by the action of squalene epoxidase and later downstream enzymes in the sterol/oxysterol biosynthetic pathways. Although the identity of the putative oxysterol molecule remains unknown, we believe it may be 24,25-epoxycholesta-5,7,22-triene-3-ol based on its production from 2,(3S),(22S),23-dioxidosqualene by the enzymatic actions downstream of squalene epoxidase, its greater polarity that that of ergosterol, and its almost identical polarity to that of 25-hydroxycholesterol. We are initiating studies to characterize the identity of this putative oxysterol molecule.
It was possible that the Hmg2p degradation-enhancing effect of oxidosqualene-lanosterol cyclase inhibition was mediated by similar molecules as the degradation-enhancing effect of squalene synthase inhibition. Therefore, we examined the radiolabeled non-saponifiable lipid fractions from cells treated with the squalene synthase inhibitor zaragozic acid, which strongly enhances Hmg2p degradation (Refs. 9 and 10 and see above). Addition of zaragozic acid to cells resulted in a decrease in all downstream products of the mevalonate pathway and a simultaneous increase in two unidentified molecules (Fig. 7a, ZA) , neither of which had the same mobility as farnesol nor geraniol, the dephosphorylated products of the immediate upstream enzyme farnesyl-diphosphate synthase. We are also currently attempting to characterize the identity of these molecules to determine whether they are directly responsible for enhanced Hmg2p degradation as a result of squalene synthase inhibition. However, buildup of different molecules after oxidosqualene-lanosterol cyclase inhibition and squalene synthase inhibition indicated that the Hmg2p degradation-enhancing effects as a result of these separate manipulations were mediated through different molecules. Inhibition of HMGR with lovastatin resulted in a decrease in all downstream products of the mevalonate pathway (Fig. 7a, L) , consistent with the complete stabilization of Hmg2p.
We next examined the radiolabeled non-saponifiable lipid fractions from cells in which oxidosqualene-lanosterol cyclase was down-regulated. In these cells, an accumulation of 2,(3S)-oxidosqualene, 2,(3S),(22S),23-dioxidosqualene, and the putative oxysterol molecule with a concomitant decrease in lanosterol, free ergosterol, and ergosterol esters was observed by TLC (Fig. 7b, OSC erg7 versus wt) . Down-regulation of squalene epoxidase reduced the endogenous levels of the putative oxysterol molecule (Fig. 7b, SE erg1) , confirming that this molecule was indeed formed by enzymatic conversion of squalene by the action of squalene epoxidase and later downstream enzymes in the sterol/oxysterol biosynthetic pathways. Additionally, squalene synthase down-regulation resulted in an increase in the same two molecules observed after zaragozic acid addition (Fig. 7b, SS erg9) , indicating that the Hmg2p degradation-enhancing effects of oxidosqualene-lanosterol cyclase down-regulation and squalene synthase down-regulation were also mediated by different molecules, identical to those observed after inhibition of the respective enzymes. More importantly, partial inhibition and down-regulation of oxidosqualene-lanosterol cyclase both resulted in decreased levels of sterol pathway molecules with a concomitant increase in oxysterol pathway molecules.
Because we are as yet unable to characterize the actual identity of this putative oxysterol molecule, we required a separate confirmation that flux through the oxysterol pathway was indeed increased due to our manipulations of oxidosqualene-lanosterol cyclase activity. The only product of the yeast oxysterol pathway that has been isolated and completely characterized is 24,25-oxidolanosterol (36) . Although the TLC analyses performed here and in earlier studies did not have sufficient sensitivity to assess the levels of 24,25-oxidolanosterol (33, 36) , previous studies with HPLC analysis did have sufficient resolution to detect increases in 24,25-oxidolanosterol upon partial inhibition of oxidosqualene-lanosterol cyclase (36) . Due to the large volume of culture (Ͼ1 liter) and mass of cells required to isolate sufficient quantities of compounds for HPLC and the corresponding large amount of Ro48-8071 required to partially inhibit oxidosqualene-lanosterol cyclase in the cells from these large cultures, we opted to conduct HPLC analyses on the lipid fractions from cells in which oxidosqualene-lanosterol cyclase was down-regulated. As controls, we also examined the lipid fractions from wild-type cells and cells in which squalene epoxidase was down-regulated. Reversed-phase HPLC was performed on these samples and used to purify the appropriate fraction from each sample with the retention time corresponding to that of 24,25-oxidolanosterol. All three crude samples and their respective HPLC-purified fractions corresponding to 24,25-oxidolanosterol were analyzed by NMR. Only in the HPLC-purified fraction obtained from cells with oxidosqualene-lanosterol cyclase down-regulated were trace amounts (Ͻ1 g) of 24,25-oxidolanosterol detected. Further analysis by gas chromatography-mass spectroscopy confirmed this result. The HPLC-purified fractions corresponding to 24,25-oxidolanosterol from all three samples were evaporated to dryness, converted to the corresponding tetramethylsilane ethers, and analyzed by gas chromatography-mass spectroscopy. Again, only samples from the cells with oxidosqualene-lanosterol cyclase down-regulated had a peak with a retention time (14.4 min) and mass spectrum (m/z 514) identical to those of authentic 24,25-oxidolanosterol (Fig. 7, d and e) . There was insufficient 24,25-oxidolanosterol to be detected in wild-type cells (Fig. 7d ) or in cells with squalene epoxidase down-regulated. 2 A second analysis using a greater quantity of cells was performed to quantitate the amount of 24,25-oxidolanosterol in the cells with oxidosqualene-lanosterol down-regulated. To facilitate quantitation, the internal standard 26-hydroxycholesterol (100 ng/g of wet cells) was added before processing. The three samples were analyzed with selected-ion monitoring of the molecular ions of 26-hydroxycholesterol (m/z 546) and 24,25-oxidolanosterol (m/z 514). The amount of 24,25-oxidolanosterol was estimated from the ratio of the two peaks (m/z 546 and 514). The cells with oxidosqualene-lanosterol cyclase downregulated contained ϳ150 ng of 24,25-oxidolanosterol/g of wet cells. In contrast, wild-type cells or cells with squalene epoxidase down-regulated contained Ͻ15 ng of 24,25-oxidolanosterol/g of wet cells.
Thus, moderate reduction in the activity of oxidosqualenelanosterol cyclase, either by down-regulation or pharmacological inhibition, resulted in hastened Hmg2p degradation that correlated with the buildup of products in the oxysterol pathway, not the sterol pathway. In contrast, complete inhibition of oxidosqualene-lanosterol cyclase did not result in hastened Hmg2p degradation. This biphasic nature of Hmg2p degrada- FIG. 7 . Altered activity levels of oxidosqualene-lanosterol cyclase alter the levels of oxysterol pathway products accordingly. a, inhibition of oxidosqualene-lanosterol cyclase resulted in an increase in oxysterol pathway products. Shown are the results from TLC analysis of the radiolabeled non-saponifiable lipid fraction from yeast cells grown in the absence (no drug (nd)) or presence of 50 g/ml lovastatin (L), 10 g/ml zaragozic acid (ZA), 40 g/ml Ro48-8071 (R), or 40 g/ml Ro48-8071 plus 80 g/ml terbinafine (RϩT) for 6 h at 30°C. [ 14 C]Acetate was added at the same time as the drugs.
14 C-Labeled lipids were extracted and gently saponified to preserve the ergosterol esters, and the radiolabeled non-saponifiable fraction was extracted, 14 C]acetate for 19 h at 30°C. Right panel, analysis of changes in non-saponifiable lipids after 13 h of down-regulation, when Hmg2p degradation was maximally enhanced. Cells were grown in minimal medium with 2 mM methionine for 13 h at 30°C. [ 14 C]Acetate was then added, and the cells were incubated for a further 6 h at 30°C.
14 C-Labeled lipids were extracted and gently saponified to preserve the ergosterol esters, and the non-saponifiable fraction was extracted, concentrated, and resolved by TLC. The migration positions of the known reference compounds are marked on the right. Arrows on the left indicate the buildup of the identifiable products. c, overexpression of oxidosqualene-lanosterol cyclase resulted in decreased levels of the putative oxysterol. Shown are the results from TLC analysis of the radiolabeled non-saponifiable lipid fraction from yeast cells without (wt) or with overexpression of oxidosqualene-lanosterol cyclase (P TDH3 -ERG7). [ 14 C]Acetate was added to the cells in early log phase (A 600 ϭ 0.3), and the cells were incubated at 30°C for 6 h.
14 C-Labeled lipids were extracted and gently saponified to preserve the ergosterol esters, and the non-saponifiable fraction was extracted, concentrated, and resolved by TLC. The migration positions of the known reference compounds are marked on the right. d, down-regulation of oxidosqualene-lanosterol cyclase resulted in an increase in 24,25-oxidolanosterol. Shown are the results from gas chromatography analysis of HPLC-purified fractions from wild-type cells (wt; upper panel) or cells with oxidosqualene-lanosterol cyclase down-regulated (OSC erg7; lower panel). The retention time of purified 24,25-oxidolanosterol is indicated by the dashed line. The quantity of 24,25-oxidolanosterol was determined by calculating the area under the appropriate peak and comparing it with that of an internal 26-hydroxycholesterol standard (not shown). e, the material in the HPLC-purified fraction from cells with oxidosqualene-lanosterol cyclase down-regulated was 24,25-oxidolanosterol. Mass spectroscopy was carried out on the sample from d. The mass/charge (m/z) ratios for some of the peaks are noted. tion was reminiscent of HMGR regulation in mammalian cells by oxysterol pathway products (37) and suggested that a downstream product of the oxysterol pathway acted as a positive signal for HMGR degradation in yeast.
Yeast Contains Endogenous Levels of Oxysterols That Enhance Hmg2p
Degradation-In the above experiments, we observed a small amount of the putative oxysterol molecule in the non-saponifiable lipid fractions under normal growth conditions (Fig. 7b, wt) . Thus, it is likely that under normal growth conditions, the enzymatic conversion of 2,(3S)-oxidosqualene to lanosterol by oxidosqualene-lanosterol cyclase is sufficiently rate-limiting to allow a small amount of 2,(3S)-oxidosqualene to become a substrate for squalene epoxidase. This would result in the formation of 2,(3S),(22S),23-dioxidosqualene (37) , with the subsequent production of oxysterol pathway products (Fig.  1) . Accordingly, increased expression of oxidosqualene-lanosterol cyclase may hasten 2,(3S)-oxidosqualene conversion to lanosterol, thereby reducing the probability that 2,(3S)-oxidosqualene would be available for further epoxidation and subsequent enzymatic conversion to an oxysterol. If an oxysterol pathway molecule were acting as a positive signal for Hmg2p degradation, then such overexpression of oxidosqualene-lanosterol cyclase might result in reduced Hmg2p degradation.
To examine the effect of increased oxidosqualene-lanosterol cyclase expression, we placed the ERG7 gene behind the strong constitutive TDH3 promoter and transformed the P TDH3 -ERG7 gene into yeast cells expressing 1Myc-Hmg2p and Hmg2p-GFP. Increased expression of oxidosqualene-lanosterol cyclase resulted in a decrease (ϳ50%) in the cellular levels of the putative oxysterol, as measured by TLC analysis of the radiolabeled non-saponifiable lipid fractions (Fig. 7c , P TDH3 -ERG7 versus wt). Increased expression of oxidosqualene-lanosterol cyclase also had a stabilizing effect on Hmg2p degradation, as seen by the rightward shift in the Hmg2p-GFP fluorescence histogram of the P TDH3 -ERG7 cells compared with wild-type ERG7 cells (Fig. 8a, left panel, P TDH3 -ERG7 versus wt) . This result was similar to that previously reported for overexpression of squalene synthase (Fig. 8b, left panel) , which stabilizes Hmg2p through reduced FPP levels by enhanced conversion to squalene (10). These results suggested that endogenous levels of oxysterols were acting to program the normal rate of Hmg2p degradation under typical growth conditions.
If endogenous levels of oxysterols were acting to program a specific rate of Hmg2p degradation, then it might be expected that inhibition of squalene epoxidase would have a stabilizing effect on Hmg2p degradation. Previously, we had shown that acute treatment of cells with lethal doses of terbinafine, an antifungal squalene epoxidase inhibitor (43) (44) (45) , had no effect on Hmg2p-GFP steady-state levels (10). However, it was possible that the limited acute treatment had little effect on the preexisting pool of oxysterols present as a result of oxysterol pathway production prior to inhibition of squalene epoxidase. We had also previously shown that down-regulation of squalene epoxidase had little effect on Hmg2p degradation under the conditions tested (10). However, TLC analysis revealed that under these conditions, there were still detectable levels of FIG. 8 . Endogenous levels of an oxysterol-derived signal control Hmg2p degradation. a, overexpression of oxidosqualene-lanosterol cyclase stabilized Hmg2p. Otherwise identical strains expressing oxidosqualene-lanosterol cyclase from the TDH3 promoter (P TDH3 -ERG7), squalene synthase from the TDH3 promoter (P TDH3 -ERG9), or both from the native promoters (wt) were grown to log phase and analyzed by flow cytometry to determine Hmg2p-GFP steady-state fluorescence. b, squalene epoxidase down-regulation had a modest stabilizing effect on Hmg2p degradation. Otherwise identical strains expressing squalene epoxidase from either the wild-type promoter (wt) or the MET3 promoter (P MET3 -ERG1) or farnesyl-diphosphate synthase from either the wild-type promoter (wt) or the MET3 promoter (P MET3 -ERG20) were grown for 15 h at 30°C in the presence of 8 mM methionine and then analyzed by flow cytometry to determine Hmg2p-GFP steady-state fluorescence. c, chronic treatment of cells with a squalene epoxidase inhibitor modestly stabilized Hmg2p. Log-phase cells expressing Hmg2p-GFP were treated first for 24 h with 10 g/ml terbinafine, an antifungal squalene epoxidase inhibitor, followed by 18 h with 80 g/ml terbinafine (ϩTb). To compare cells inhibited for growth, log-phase cells not treated with terbinafine were incubated for 18 h either in the absence of adenine (ϪAde), an essential nutrient, or in the presence of a lethal amount of lovastatin (300 g/ml; ϩLov).
the putative oxysterol molecule (Fig. 7b, left panel, SE erg1) . To reduce flux through the oxysterol pathway more stringently and to reduce the pool of potential accumulated oxysterols, we examined if either greater down-regulation or chronic inhibition of squalene epoxidase resulted in stabilization of Hmg2p degradation.
To induce greater down-regulation of squalene epoxidase, we explored whether incubation of cells expressing squalene epoxidase from the MET3 promoter (P MET3 -ERG1) in different concentrations of methionine and/or with different incubation periods after methionine addition would reveal if squalene epoxidase down-regulation had any stabilizing effect on Hmg2p degradation. In fact, we were able to observe a modest stabilizing effect on Hmg2p-GFP degradation due to squalene epoxidase down-regulation, as cells carrying the P MET3 -ERG1 gene had higher steady-state levels of Hmg2p-GFP after incubation with 8 mM methionine, rather than 2 mM, for 24 h compared with wild-type cells with the same treatment ( Fig.  8b, P MET3 -ERG1 versus wt) . However, down-regulation of squalene epoxidase did not have nearly the same stabilizing effect as down-regulation of the upstream mevalonate pathway enzyme farnesyl-diphosphate synthase ( Fig. 8b , P MET3 -ERG1 versus P MET3 -ERG20), which results in complete stabilization of Hmg2p by reduced FPP production within the cell (10) .
We also tested if chronic treatment of cells with terbinafine would have a similar stabilizing effect on Hmg2p degradation as down-regulation of squalene epoxidase. When cells were incubated with lethal doses of terbinafine for increasing periods of time past the inhibition of cell growth, modest stabilization of Hmg2p degradation was observed, as seen by the increased Hmg2p-GFP steady-state levels compared with wildtype cells that were similarly growth-compromised by removal of adenine from the growth medium (Fig. 8c, ϩTb versus ϪAde). However, chronic treatment of cells with lethal doses of lovastatin resulted in much greater stabilization and greatly increased steady-state levels of Hmg2p (Fig. 8c, ϩLov) . Thus, the Hmg2p-stabilizing effect of reduced oxysterol production was observable, but limited in its ability to alter Hmg2p degradation.
Together, the genetic and pharmacological manipulations of both oxidosqualene-lanosterol cyclase and squalene epoxidase activities revealed that a product of the oxysterol pathway acted to positively regulate Hmg2p degradation. Furthermore, it appeared that endogenous levels of the oxysterol-derived molecule were acting to program, in part, the specific rate of Hmg2p degradation under normal growth conditions.
The Sterol-derived Signal Functions Only when Sufficient Levels of the Primary FPP-derived Signal Are Present-The above results suggested that the oxysterol-derived molecule was an additional signal for Hmg2p degradation and not the primary signal. In mammalian cells, the secondary oxysterolderived signal cannot work independently of the primary FPPderived signal (2, 20, 25) . To test if this was similar for Hmg2p degradation, we required a means to reduce FPP levels that still allowed production of downstream mevalonate pathway molecules. Previously, we constructed strains that overexpress squalene synthase from the TDH3 (glyceraldehyde-3-phosphate dehydrogenase) promoter (10) , which resulted in stabilization of Hmg2p through reduced FPP levels. In these strains, mevalonate pathway production was still fully operational because FPP levels were reduced by increased conversion to squalene, not by inhibition of FPP production. When cells that overexpressed squalene synthase were incubated with Ro48-8071, no effect on Hmg2p degradation was observed (Fig. 9a,  left panel, ϩRo48 compared with no drug) , even though we used up to 4-fold higher concentrations of Ro48-8071 than were sufficient to enhance degradation in a wild-type squalene synthase strain (right panel, ϩRo48 compared with no drug). Addition of zaragozic acid, which inhibits squalene synthase, did result in enhanced Hmg2p-GFP degradation in the strain overexpressing squalene synthase as well as the wild-type strain (Fig. 9a, both panels, ϩZA) . Thus, the action of the oxysterolderived positive signal for HMGR degradation in yeast appeared to require a sufficient level of the primary FPP-derived positive signal.
The Secondary Oxysterol-derived Signal Acts to Enhance Hmg2p Degradation, but Is Not an Essential RequirementPrevious studies delineating the regulatory signals required for mammalian HMGR degradation demonstrated that the primary FPP-derived signal does not function to enhance HMGR degradation in the absence of sufficient levels of the oxysterolderived signal (17, 18, 20) . In one study, the obligatory nature of the oxysterol-derived signal was examined by observing HMGR degradation after inhibition of squalene epoxidase (17) . The other two studies examined HMGR degradation in cell lines that are deficient for squalene synthase activity (18, 20) . In both cases, sterol synthesis was severely reduced, and the evidence supported a codependent nature for the HMGR degradation-enhancing effect of the FPP-derived signal and the oxysterol-derived signal.
To examine further the requirement for the oxysterol-derived signal in yeast, we tested if overexpression of oxidosqualene-lanosterol cyclase prevented the ability of FPP accumulation to enhance Hmg2p degradation. We expected that if the oxysterol-derived signal were obligatory, then the hastened conversion of 2,(3S)-oxidosqualene to lanosterol would result in a blunted effect of zaragozic acid addition to cells overexpressing oxidosqualene-lanosterol cyclase. However, addition of zaragozic acid to the cells overexpressing oxidosqualene-lanosterol cyclase had an equivalent effect on Hmg2p-GFP steadystate fluorescence as zaragozic acid addition to wild-type cells (Fig. 9b, both panels, ϩZA) at all concentrations tested.
2 Addition of Ro48-8071 to the cells overexpressing oxidosqualenelanosterol cyclase did result in enhanced Hmg2p-GFP degradation (Fig. 9b, left panel, ϩRo48) , but it required 4-fold higher concentrations than those needed to enhance degradation in the wild-type cells, 2 as would be expected for increased expression of the drug's target enzyme oxidosqualene-lanosterol cyclase. Thus, it appeared that the upstream FPP-derived signal could work in the absence of the downstream oxysterol-derived signal.
These results implied that the function of the oxysterolderived signal was to enhance FPP-dependent degradation of Hmg2p at lower levels of cellular FPP, rather than to serve as an essential signal. If this were the case, then it would be expected that the oxysterol-derived signal would act synergistically with the FPP-derived signal. To examine this scenario, we treated cells expressing Hmg2p-GFP with concentrations of zaragozic acid that normally did not enhance Hmg2p degradation combined with increasing concentrations of Ro48-8071 that also normally did not enhance Hmg2p degradation. When we treated the cells in this manner, we observed that the oxysterol-derived signal did indeed work synergistically with the FPP-derived signal, as a greater than additive decrease in Hmg2p-GFP steady-state levels was observed (Fig. 9c, left panel, ϩZA, ϩRo48 versus ϩZA and ϩRo48), with the maximal synergistic effect produced by addition of 5 g/ml Ro48-8071 (right panel). However, sufficiently high levels of the FPPderived signal in the cell, accomplished by inhibition or downregulation of squalene synthase, did allow the fastest rate of Hmg2p degradation even with genetic or pharmacological manipulated decreases in the oxysterol-derived signal (Fig. 9b) , suggesting the independence of the FPP-derived signal. Thus, the function of the oxysterol-derived signal in yeast was to enhance Hmg2p degradation beyond the limited capacity of low levels of the FPP-derived signal.
DISCUSSION
In both mammalian cells and yeast, the rate of HMGR degradation is regulated by signals from the mevalonate pathway. Mammalian cells appear to utilize two separate signals from the mevalonate pathway to enhance HMGR degradation: a non-sterol signal derived from FPP (16 -20) and a sterol signal derived from the oxysterol pathway (2, 3, 21-26 ). In yeast, HMGR degradation is enhanced by a signal generated from FPP (10), but no oxysterol-derived signal had yet been identified. Through use of pharmacological inhibition and genetic manipulation of the mevalonate pathway, we have explored if the degradation of the yeast HMGR isozyme Hmg2p is regulated by an oxysterol-derived signal.
The results detailed in this work strongly implicated a product of the alternate oxysterol pathway as a source of a positive signal for Hmg2p degradation in yeast. Moderate inhibition or genetic down-regulation of oxidosqualene-lanosterol cyclase increased Hmg2p degradation, whereas complete inhibition had no effect. These manipulations were consistent with increased oxysterol production by moderate oxidosqualene-lanosterol cy- FIG. 9 . The oxysterol-derived signal is not required, but works synergistically with the FPP-derived signal to promote Hmg2p degradation. a, squalene synthase overexpression blocked the degradation-enhancing effect of oxidosqualene-lanosterol cyclase inhibition. Otherwise identical strains expressing squalene synthase from a single integrated allele with the TDH3 promoter (P TDH3 -ERG9) or from the wild-type promoter were grown to log phase and treated with no drug, 40 g/ml Ro48-8071 (ϩRo48), or 10 g/ml zaragozic acid (ϩZA) for 4 h at 30°C. Cells were analyzed by flow cytometry to determine Hmg2p-GFP levels. b, oxidosqualene-lanosterol cyclase overexpression did not block the degradation-enhancing effect of squalene synthase inhibition. Otherwise identical strains expressing oxidosqualene-lanosterol cyclase from a single integrated allele with the TDH3 promoter (P TDH3 -ERG7) or from the wild-type promoter were grown to log phase and treated with no drug, 40 g/ml Ro48-8071, or 10 g/ml zaragozic acid for 4 h at 30°C. Cells were analyzed by flow cytometry to determine Hmg2p-GFP levels. c, the oxysterol-derived signal worked synergistically with the FPP-derived signal to promote Hmg2p degradation. Cells were grown to log phase and treated with a dose of zaragozic acid that did not elicit a degradation-enhancing effect (2.5 g/ml; left panel, ϩZA). Increasing concentrations of Ro48-8071, which did not promote Hmg2p degradation alone, were added to these zaragozic acid-treated cells. All cultures were incubated at 30°C for 4 h after drug addition. Cultures were analyzed by flow cytometry to determine Hmg2p-GFP steady-state fluorescence. The maximal effect of Ro48-8071 was observed at a final concentration of 5 g/ml (right panel; and left panel, ϩZA, ϩRo48 versus ϩRo48 and ϩZA).
clase inhibition previously demonstrated in mammalian cells (38, 48) . In fact, moderate inhibition or down-regulation of oxidosqualene-lanosterol cyclase did result in the buildup of 24,25-oxidolanosterol and a putative oxysterol molecule, which had greater polarity than ergosterol as expected. Furthermore, Hmg2p was stabilized by increased expression of oxidosqualene-lanosterol cyclase, which decreased production of the putative oxysterol through possibly hastened conversion of 2,(3S)-oxidosqualene to lanosterol, thereby reducing the further epoxidation of 2,(3S)-oxidosqualene. Hmg2p was partially stabilized by inhibition or down-regulation of squalene epoxidase, which decreased production of oxysterols by blocking epoxidation of squalene. Thus, all manipulations predicted to increase oxysterols in the cell resulted in increased Hmg2p degradation, whereas all manipulations predicted to decrease oxysterols in the cell resulted in stabilization of Hmg2p.
Although we observed an increase in a distinct putative oxysterol molecule upon manipulation of oxidosqualene-lanosterol cyclase in our TLC analysis of the radiolabeled non-saponifiable lipid fractions, the actual identity of this molecule remains unknown. We believe this putative oxysterol molecule may be 24,25-epoxycholesta-5,7,22-triene-3-ol based on its polarity and the available chemistry of the remaining downstream enzymes in the sterol/oxysterol biosynthetic pathways. Because 24,25-epoxycholesta-5,7,22-triene-3-ol or any of the other yeast oxysterol pathway intermediates are not readily available, we will have to synthesize the appropriate standards to completely characterize this putative oxysterol molecule. We are initiating experiments to purify sufficient amounts of this molecule from Ro48-8071-treated cells to characterize its identity, to synthesize the appropriate standards, and to determine whether this molecule is actually responsible for enhanced Hmg2p degradation by exogenous addition to cells. Despite this remaining work, the evidence presented in this report strongly indicates that increased production of the oxysterol pathway does enhance HMGR degradation in yeast.
Hmg2p Degradation Requires the FPP-derived Signal, but Not the Oxysterol-derived Signal-It appears that in mammalian cells, the FPP-derived signal and the oxysterol-derived signal are both required for HMGR degradation (17, 18, 20) . The evidence for this dual requirement was obtained by pharmacological manipulation of squalene epoxidase (17) and by genetic manipulation of squalene synthase (18, 20) . We examined if the oxysterol-derived signal in yeast was similarly required for Hmg2p degradation by pharmacological inhibition of squalene epoxidase and by increased expression of oxidosqualene-lanosterol cyclase. In all cases, we could not establish an essential requirement of the oxysterol-derived signal for Hmg2p degradation. However, it is possible that these manipulations did not effectively remove all the oxysterols present within the cell and that the residual oxysterols acted to allow Hmg2p degradation.
We did demonstrate that the oxysterol-derived signal required a sufficient level of the FPP-derived signal to promote Hmg2p degradation, as similar manipulations of the oxysterol pathway that enhanced Hmg2p degradation in normal cells no longer promoted Hmg2p degradation in cells with decreased levels of FPP by overexpression of squalene synthase. In these squalene synthase-overexpressing cells, Hmg2p is stabilized due to the low cellular levels of FPP by the hastened conversion of FPP to squalene (10) . Although Hmg2p degradation was stimulated by sufficient squalene synthase inhibition in these cells, Hmg2p degradation could not be stimulated by inhibition of oxidosqualene-lanosterol cyclase. Consistent with this, we have clearly demonstrated that the Hmg2p degradation-enhancing function of the oxysterol-derived signal was through a synergistic effect with the FPP-derived signal. Pharmacological inhibition of squalene synthase and oxidosqualene-lanosterol cyclase, at levels that did not enhance Hmg2p degradation when inhibited separately, did result in a greater than additive enhancement of Hmg2p degradation when inhibited together. Thus, the levels of the FPP-derived signal programmed a particular rate of Hmg2p degradation, which could be accordingly hastened by increased oxysterol production.
Possible Mechanism for the Oxysterol-derived Signal-The transmembrane domain of the yeast HMGR isozyme Hmg2p shares homology with the transmembrane domains of both mammalian HMGR and the mammalian protein SCAP (SREBP cleavage-activating protein), both of which are postulated to act as sterol-sensing domains (50, 51) . It was previously not clear if the Hmg2p transmembrane domain had any sterol-sensing ability, as it was unknown if any sterol signal acted to enhance Hmg2p degradation. As we have provided evidence for the existence of an oxysterol-derived signal for Hmg2p degradation, it may be likely that the Hmg2p transmembrane domain does possess a sterol-sensing capability similar to its mammalian counterpart. Based upon this function, it is possible that the oxysterol-derived signal in yeast acts to alter the structure of the Hmg2p transmembrane domain to achieve a greater degradation-promoting sensitivity to lower cellular levels of the FPP-derived signal. In the absence of the oxysterol-derived signal, the Hmg2p transmembrane domain would have a reduced sensitivity to the action of the FPPderived signal, which could be overcome by sufficient accumulation of the FPP-derived signal. This action of the oxysterolderived signal may be similar in mammalian HMGR degradation. However, because mammalian HMGR requires the oxysterol-derived signal for degradation, it is likely that the transmembrane sterol-sensing domain of mammalian HMGR cannot effect HMGR degradation by action of the FPP-derived signal at any cellular concentration in the absence of the oxysterol-derived signal. Further molecular studies will be required for both yeast and mammalian HMGR degradation to elucidate the actual mechanism of both the oxysterol-derived signal and the FPP-derived signal.
Alternatively, it is possible that oxysterols affect some global biophysical property of the ER membrane, which subsequently affects the regulated stability of HMGR. Properties of the ER membrane subject to possible alteration by oxysterols may include the width, fluidity, packing density, or protein density of the ER membrane. The observation that oxysterols, under certain genetic conditions, affect the stability and cellular localization of several membrane proteins not related to HMGR provides modest evidence for such a possibility (52) .
Eukaryotic Conservation of an Oxysterol-derived Signal for HMGR Degradation-The fact that we have demonstrated the existence of an oxysterol-derived signal for yeast HMGR degradation further strengthens the similarities between mammalian and yeast HMGR degradation already established. Although yeast and mammals may regulate sterol production for different purposes, it is becoming increasingly clear that the mechanism of HMGR degradation as a means to control sterol production is highly conserved between the two organisms. These similarities include degradation without exit from the ER (4 -6), degradation dependent upon both the proteasome and ubiquitination (8, 9, 15) , a well defined N-terminal transmembrane domain that is both necessary and sufficient for regulated degradation (4 -7) , and the use of both an FPPderived positive signal and an oxysterol-derived positive signal to effect degradation (Refs. 2, 3, 10, and 20 and this work).
In mammalian cells and yeast, FPP serves as a source for a primary positive signal for HMGR degradation (9, 10, 16 -20).
FPP occupies a key branch point in the mevalonate pathway (1), from which numerous other essential molecules and cellular modifications are derived. The cellular levels of FPP would be contingent on the demands from each branch pathway. If the demands of each pathway are minimal in relation to FPP production, FPP would most likely accumulate. Conversely, if the demands of each pathway are maximal in relation to FPP production, FPP would most likely be scarce. Thus, it is not surprising that both yeast and mammalian cells utilize this key branch point as a sensor to optimally control mevalonate pathway production.
Oxysterols also serve as a source for a positive signal for HMGR degradation in both mammalian cells (2, 3, (21) (22) (23) (24) (25) and yeast (this work). The alternate pathway for oxysterol production branches from the mevalonate pathway at 2,(3S)-oxidosqualene (Fig. 1) . Formation of oxysterols would be an effective measure of sterol content within the cell. For instance, insufficient levels of sterols in the cell may bias the conversion of 2,(3S)-oxidosqualene to lanosterol and thus decrease the availability of 2,(3S)-oxidosqualene for further epoxidation and subsequent oxysterol production. Conversely, abundant levels of sterols may allow increased levels of 2,(3S)-oxidosqualene that would be readily available for further epoxidation by squalene epoxidase and greater production of oxysterols. Such regulation of 2,(3S)-oxidosqualene levels could be effected by regulation of oxidosqualene-lanosterol cyclase activity by sterol abundance in the cell. Whatever the cellular mechanism may be to allow increased or decreased oxysterol production, it is clear that both yeast and mammals utilize this sensor, most likely as a means to prevent the detrimental buildup of sterols. However, both organisms also have vital interest in sufficient FPP production and appear to engage a feedback regulation process for HMGR degradation that is critically dependent upon FPP production within the cell. The use of an FPP-derived signal and an oxysterol-derived signal for HMGR degradation bolsters the idea that yeast and mammalian cells effect regulated degradation of HMGR by a highly conserved mechanism, thus allowing for rigorous experimentation and comparison between two highly divergent species.
